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The changes in the optical transmission of thin vanadium layers upon hydrogen absorption are
found to be dominated by the volume changes of the layers and not directly linked to concentration.
This effect is demonstrated by utilising the difference in the hydrogen induced expansion of V layers
in Fe/V and Cr/V superlattices. Hydrogen resides solely in the vanadium layers in these superlat-
tices, while occupying different sites, causing different lattice expansion. Quantitative agreement is
obtained between the experimental results and first principle density functional calculations.
Knowledge of the pressure-composition-isotherms of
metal hydrides is crucial when studying for example hy-
drogen storage in metals, hydrogen embrittlement, and
thin film hydrogen sensing applications [1–3]. Knowledge
of the concentration and its distribution in a film can also
be used to measure dynamic properties of hydrogen [4, 5]
and learn how these can change in the presence of finite-
size [6]. In the case of thin films, optical transmission
has been used to measure concentration for about two
decades [1, 2, 4, 5, 7–10]. The method was originally
applied to systems where strong metal-insulator transi-
tions were present, thereby simplifying the interpreta-
tion, whereby the relative volume fraction of the trans-
parent phase is proportional to the concentration [7]. In
recent years, optical transmission has also been used for
thin metal hydrides that do not undergo metal insulator
transitions [9, 10], under the assumption that the linear
scaling of transmission with respect to concentration is
a universal behaviour. In this work we revise the funda-
mental understanding of the underlying mechanism for
this technique. We show that the optical transmission
does not generally scale linearly with concentration, and
we elaborate when this assumption hold true. Under-
standing the underlying mechanism for this technique is
important since thermodynamic analysis rests on the as-
sumption that optical transmission is linear with concen-
tration.
To measure the thermodynamic properties of a hydro-
gen absorbing film, the optical transmission is equated
to the concentration via the Lambert-Beer law [9, 10].
I(c) = I0e
−α(c,λ)d → c = (d ·∆α)−1 ln I(c)
I(0)
(1)
where I0 is the incident intensity, I(c) is the measured
transmitted intensity and hydrogen concentration c, d
is the thickness of the sample and α is the wavelength
and concentration dependent linear absorption coeffi-
cient. The assumptions underlying this law are that the
changes in the absorption coefficient are linear with the
hydrogen content and multiple reflections and scattering
can be neglected. To test whether optical transmission
is linear with concentration we need samples that have
FIG. 1. Panel a) depicts a schematic of the superlattices
including the layer thickness and their relative orientation.
Panel b) shows the possible sites for hydrogen to occupy inside
the two superlattices, tetrahedral or octahedral.
high crystal quality such that we can neglect effects aris-
ing from grain boundaries and other imperfections. We
also would need to decouple concentration from the vol-
ume expansion, that is normally associated with uptake
of hydrogen. In the present paper we therefore measure
the concentration and the volume changes in-situ using
neutron reflectivity, and simultaneously the optical trans-
mission, for two samples that are identical in every re-
spect except their expansion coefficient, k,
k =
1
c
∆V
V
. (2)
In Fig. 1 we show schematically a superlattice com-
posed of a non-absorbing layer, either iron or chromium,
Fe(2)/V(14) and Cr(2)/V(14) [Fe(i)/V(j) refers to i
atomic layers of iron and j atomic layers of vanadium]
with a specially tuned ratio, which corresponds to opti-
mal crystal quality. To arrive at this ratio, we previously
investigated the influence of the ratio on the quality and
found that a ratio of 1/7 results in a fully coherent, fully
strained superlattice for both Cr/V and Fe/V [11, 12].
Hence we are able to measure all the relevant quantities
in-situ, under identical conditions, to determine if opti-
cal transmission scales with volume change or with the
concentration. Both superlattices should have identical
strain states, to avoid any changes due to difference in
strain [13]. We have therefore measured the strain states
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2FIG. 2. Neutron reflectivity data from both superlattices at 463 K and 1000 mbar of D2 pressure. The right panel shows the
difference in position of the first superlattice satellite at the highest pressure measured.
in both superlattices using x-ray diffraction and applied
the analysis of Birch and co-workers [14]. We also cal-
culate from first-principles the dielectric tensor and cal-
culate the optical transmission using a full dynamic ap-
proach based on Parratt’s algorithm to gain understand-
ing at the level of the band structure.
Two types of superlattices were grown epitaxially
using DC magnetron sputtering on 20x20 mm single-
crystalline magnesium oxide substrates: MgO/[V 14
ML/Cr 2 ML]25/V 14 ML/Pd 7 nm and MgO/[V 14
ML/Fe 2 ML]30/V 14 ML/Pd 7 nm where monolayer
is abbreviated as ML. The growth and detailed charac-
terisation of the Fe/V samples, including Fe(2)/V(14),
can be found in Ref. 12 but are summarised as follows.
The samples were grown at a base pressure of 3×10−7
Pa and an argon purity of 99.9997%. The purity of all
targets was 99.99%. The structural characterisation was
done using x-ray reflectivity and diffraction where both
superlattices exhibited high crystal quality and were
found to have mosaic spread of 0.03o and an out-of-plane
coherence length equal to the total thickness, and the in-
plane coherence length was found to be several hundred
nano meters. We have found previously that analyzing
the position and intensity of the Bragg peaks only, leads
to misleading results, and hence both neutron and x-ray
reflectivity measurements were fitted using GenX [15],
which confirmed excellent layering and flatness of the
samples at mesoscopic length scales.
The neutron measurements were done at the Institut
Laue Langevin, Grenoble, France, using the reflectometer
SuperADAM, with a wavelength of 0.5183 nm [16]. An
ultra high vacuum chamber, with a base pressure of less
than 5 × 10−9 mbar was used to minimise the influence
of impurities on the experiment. The deuterium pressure
was measured using capacitance gauges. The chamber is
made of aluminium with explosion welded stainless steel
flanges, to allow for ultra high vacuum conditions using
standard Cu gaskets. Part of the chamber is thinned to
optimise neutron transmission and includes optical win-
dows made of sapphire for simultaneous light transmis-
sion. The thermodynamic properties were measured us-
ing optical transmission using the equipment described
in [10] with a wavelength of λ = 625 nm. All measure-
ments were made using ultra pure hydrogen, purified by a
Nu-pure purifier, whereby ppb impurties can be achived.
Heating was done externally using a customised heating
jacket from Hemi heating to minimise any thermal gradi-
ents inside the chamber. The temperature of the sample
was monitored using a thermocouple feed-through in con-
tact with the backside of the substrate. Before the neu-
tron reflectivity curve was measured, and after changing
the pressure, enough time was given for equilibrium to
settle in. Equilibrium was monitored by observing the
pressure, temperature and the optical transmission.
The deuterium concentration, c = ND/NV where
NV,(D) is the number of vanadium (deuterium) atoms
in the volume of a unit cell of the superlattice, can be
obtained from the expression for the scattering length
density of the deuterium containing vanadium layer:
ρVDc(c) =
NVbV
V (c)
+
ND(c)bD
V (c)
(3)
where ρV Dc is the scattering length density of the ab-
sorbing layer, NV(D) is the number of atoms of vanadium
or deuterium within the concentration dependent volume
V (c), and bV(D) are the bound coherent neutron scatter-
ing lengths. The superlattices are clamped by the sub-
strate, which implies that the volume expansion due to
hydrogenation is equal to the expansion of the vanadium
layer in the out-of-plane direction. The concentration can
be calculated in a straight forward manner from eq. 3 and
3with ρVD0(0) = ρV and is:
c =
[
ρVDc(c)
ρV
(
1 +
V (c)− V (0)
V (0)
)
− 1
]
bV
bD
(4)
The concentration is found by using the tabulated values
for bV(D) whereas the scattering length densities and the
volume expansion are obtained from fits of the neutron
reflectivity curve at each pressure.
Using the analysis presented in Birch et. al. [14] the
strain state of the V layers was investigated in the two
superlattices, Cr(2)/V(14) and Fe(2)/V(14). Fully co-
herent V layers, grown epitaxially on MgO, will have an
in-plane lattice parameter of 4.211/
√
2=2.98 A˚. This reg-
istry with the substrate will hold for both elements com-
prising the superlattice and for both cases of Cr/V and
Fe/V. The out of plane lattice parameters of the indi-
vidual layers will depend on the elastic constants of the
individual materials and we find the strain state of the V
layer to be identical in both cases within 2%. For a more
extensive description of the calculation of strain we re-
fer to [12]. We have thus demonstrated that the average
strain state in the vanadium layers is identical within the
uncertainty in these two systems.
The left panel of Fig. 2 shows neutron reflectivity of
superlattices, for Cr(2)/V(14) and Fe(2)/V(14) without
deuterium. The modulation in intensity, seen through-
out the whole range of the scans, are Kiessig fringes and
originate from constructive and destructive interference
of the neutron from the substrate interface and the sur-
face. The first satellite of the superlattice is at Q ≈ 0.26
A˚−1, from which the chemical repeat distance can be
obtained. The neutron data confirms the excellent struc-
tural quality of the samples.
The samples were exposed to a deuterium atmosphere
of varying pressures and for each pressure, a reflectivity
pattern was measured. Fig 2 shows the change in the po-
sition of the first satellite for the two superlattices at 1000
mbar. As can be seen the peaks have shifted (deuterium-
induced expansion) by different amounts and exhibit dif-
ferent intensities, indicating a difference in the deuterium
absorption behaviour. The intensity of the peak depends
primarily on the difference in scattering length density
between the layers comprising the superlattice. Due
to the scattering length density of the deuterated layer
changing with deuterium content, the contrast between
the layers is also altered. Therefore, the concentration of
deuterium in the vanadium layers can be determined by
using the intensity of the peak to calculate the scattering
length density of the absorbing layer. In this work, the
fitting tool GenX [15] was used to fit the whole reflectiv-
ity pattern of all pressures.
Figure 3 shows the deuterium concentration versus the
volume change of the two superlattices. Markedly differ-
ent slopes are seen, which confirms the fact that the two
superlattices have different expansion coefficients k, most
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FIG. 3. The figure shows the scaling between deuterium con-
centration and volume changes. The difference in slope is
evidence of different site occupancy.
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FIG. 4. The figure shows the relationship between deuterium
concentration and optical transmission, which is linear for
both Fe/V 2/14 and Cr/V 2/14 however the slopes are quite
different. The optical transmission has been scaled by the
number of repeats in each superlattice to compensate for a
slight difference in thickness.
likely due to difference in site occupancy. We now have
two samples that are very similar in every respect expect
for the specific volume change and can now go ahead and
compare how the optical transmission scales with con-
centration. Figure 4 shows the deuterium concentration
versus the simultaneously determined optical transmis-
sion for the two superlattices. As can be seen in the
Fig. the transmitted intensity is indeed linear for both
superlattices. The optical transmission has been scaled
by the number of periods in each superlattice to account
for a slight change in total thickness. Note that the slope
is different between the two superlattices, which shows
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FIG. 5. A universal curve emerges between volume change
is compared with optical transmission. The solid line is the
result from the density functional calculations and excellent
agreement is found between theory and experiment.
that occupancy influences the conversion factor between
optical transmission and concentration. We see that the
there is a strong correlation between volume change and
optical transmission, which suggests a common cause.
Figure 5 shows the optical transmission plotted against
the volume change and we can immediately see that a
universal behaviour emerges. When hydrogen enters the
crystal structure and occupies an interstitial site, the sub-
sequent s-d hybridization between the hydrogen 1s elec-
tron and the vanadium 3d electron, weakens the metal-
metal bonds and leads to an expansion of the structure.
Optical properties are in principle sensitive to both the
rearrangement of the electronic states caused by hydro-
gen as well as the change in electron density accompany-
ing the expansion.
To further understand the influence of volume expan-
sion on optical transmission we have undertaken a first-
principle study to calculate the dielectric tensor as a
function of c/a ratio. We calculate the dielectric func-
tion for a single unit cell of vanadium for c/a ratios
going from 1.0 to 1.1 while keeping the in-plane lattice
parameters fixed at the experimentally clamped values.
This mimics both the one dimensional nature of the vol-
ume change in the superlattices as well as the expan-
sion caused by hydrogen. In this way we investigate only
the volume aspects of the hydrogen absorption. To this
end, we use the full-potential all-electron electronic struc-
ture code Elk [17]. Effects of linear optics from ground-
state Kohn-Sham calculations for the full dielectric ten-
sor is made, as well as Time-dependent density func-
tional theory (TD-DFT) within linear-response and with
full local fields corrections for trace dielectric properties,
1, 2. Convergence with respect to k-point sampling,
G-vector cut-off, basis set and potential expansion was
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FIG. 6. The upper panel shows the influence of changing
the c/a ratio on the band structure as obtained from the all-
electron calculation. The bottom panels show the real and
imaginary parts of the dielectric tensor for both in-plane and
out-of plane components as a function of the c/a ratio.
made. The underlying DFT calculations are converged
at RMTmin ×max{|G+ k|} = 8, maximum l-quantum num-
ber for the APW expansion at 10, maximum l-quantum
number for expanding density and potential within the
muffin-tin at 10, density and potential G-vector cutoff
at 12.0 a.u.−1, and 243 k-points. For the trace of the
dielectric tensor, TD-DFT was used including local-field
effects up to a cut-off of 3 a.u.−1 G-vectors. The full di-
electric tensor is calculated with linear optics within the
random phase approximation in the q → 0 limit. The two
contributions to the dielectric function, intraband transi-
tions and interband transition are both electron density
5dependent, the former having the expression

(1)
intra = 1−
ω2p
ω2 + γ2

(2)
intra =
γω2p
ω3 + ωγ2
ωp =
√
nee2
m∗0
(5)
where ωp is the free electron plasma frequency, ne is the
electron density, m∗ is the effective mass, γ is the relax-
ation time and 0 is the permittivity of free space and
e is the elementary electron charge. In the calculations
we calculated the intraband term using the electron den-
sity obtained by the self consistent all electron calcula-
tion [18] and assumed a value of γ = 0.5 eV. The same
smearing was used for the interband transitions. The
smearing width was taken to be the same as determined
by Laurent [19] which is somewhat larger than used by
Weaver [20] of 0.5 eV. Sacchetti calculated the electron-
electron interaction in vanadium and supported using the
value of Laurent [21].
Figure 7 in the appendix shows the experimental bulk
dielectric function [22] as well as the results from the
present calculation for zero tetragonal strain. As can
be seen in Fig. 7 the effects of local fields is small.
The agreement with the experimental data is good even
though electron-phonon coupling and energy dependent
smearing is not included. Our results are very similar
to the results of Romaniello and co-workers [18], fur-
ther strengthening the approach used here. From the
dielectric tensor, the refractive index and the extinction
coefficient were calculated and the optical transmission
subsequently determined assuming a 500 A˚ vanadium
film on MgO using Parratt’s dynamical formalism. The
experimental values for the refractive index of MgO was
used.
The solid black line in the middle panel of Fig. 5 shows
the calculated optical transmission as a function of the
change in volume in this clamped configuration from the
theoretical calculations. We obtain excellent agreement
with the experimental data, which strongly suggests that
volume effects drive the observed changes in transmission
when hydrogen is absorbed, rather than rearrangements
of electronic states around the Fermi level. This would
imply that for metals that do not undergo metal-insulator
transitions, the linearity between concentration and opti-
cal transmission is due to changes in the electron density.
This finding is also consistent with the fact that most of
the changes to the electronic structure due to hydrogen
absorption takes place around 7 eV below the Fermi level,
where the spectral weight owing to s-d hybridization is
located [23, 24]. Hence for optical measurements in the
visible range, such changes do not contribute to the op-
tical response.
Fig. 6 shows the changes in the band structure in se-
lected symmetry directions as the vanadium crystal is
stretched, while keeping the in-plane lattice parameter
constant, as well as the subsequent changes to the di-
electric function. It is evident from Fig. 6 that mono-
crystallinity is important if optical transmission is to be
used, since the changes in the out-of-plane (longitudinal)
components vary substantially more than the transverse,
due to changes in the band-structure. As the volume
expands, and the film is strained, the orbital overlap is
changed, inducing a change in band-width. The trends
regarding the non-trivial changes in the optical proper-
ties, as produced by first-principles calculations, can be
of guidance to determine the most suitable optical fre-
quencies to measure structural changes.
We find using simultaneous neutron reflectivity and op-
tical transmission that the hydrogen concentration scales
linearly with optical transmission at λ = 625 nm for both
superlattices but with different slopes. The origin of this
linearity is traced to the changes in volume that cause
changes in the electron density, which is confirmed by
first principle calculations. We generalise these findings
to that any (non-complex) metal hydride film, even with-
out exhibiting metal-insulator transitions during hydro-
genation can be measured using optical transmission only
as long the expansion coefficient of the hydride does not
change. Our conclusion would imply that any metal hy-
dride measurements where optical transmission has been
used and for instance hydrogen occupancy has changed
during absorption, needs to be revisited.
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APPENDIX
Figure 7 shows how the calculated dielectric function
compares with unstrained experimental bulk measure-
ments at room temperature. We provide this comparison
to verify that the theoretical approach is close enough to
reality to be meaningful for comparing changes in optical
properties with uniaxial expansion.
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